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ABSTRACT: Sticky ends are unpaired nucleotides at the ends of DNA
molecules that can associate to link DNA segments. Self-assembly of DNA
molecules via sticky ends is currently used to grow DNA structures with desired
architectures. The sticky end links are the weakest parts of such structures. In this
work, the strength of sticky end links is studied by computational means. The
number of basepairs in the sticky end and the sequence are varied, and the
response to tension along the axis of the molecule is evaluated using a full
atomistic model. It is observed that, generally, increasing the number of basepairs
in the sticky end increases the strength, but the central factor controlling this
parameter is the basepair sequence. The sticky ends are divided into two classes of
low and high strength. The second class has strength comparable with that of a
double stranded molecule with one nick in one of the strands. The strength of the first class is roughly half that of the strong
sticky ends. For all strong sticky ends tested, the enhanced stability is associated with the formation of an unusually stable
complex composed from two basepairs and two flanking bases of certain sequence. This complex rotates and aligns with the
direction of the force allowing significant deformation and providing enhanced strength. This is similar to a mechanism recently
suggested to enhance the mechanical stability of an RNA kissing loop from the Moloney murine leukemia virus. The model is
tested against experimental structural data for sticky ends and against published simulation results for the stretch of double
stranded DNA. The results provide guidance for the design of DNA self-assembled structures and indicate the types of sticky
ends desirable if maximizing the strength and stability of these structures is targeted.

■ INTRODUCTION

Single strands of DNA can self-assemble to form artificial
structures of desired architectures. Watson−Crick pairing of
complementary bases and the ability to synthesize arbitrary
sequences of DNA make DNA strands programmable building
blocks for constructing a variety of self-assembled structures.1,2

This includes noncrystalline structures as well as two- and
three-dimensional crystals. Examples from the noncrystalline
category are provided by structures made by folding longer
strands of DNA using smaller auxiliary strands.3,4 Crystalline
structures are made from many smaller molecular segments,
such as DNA double-crossovers5 and tensegrity triangles.6,7

Further, DNA hybridization can be used to mediate self-
assembly of other materials, such as in colloidal crystals.8,9

The synthesized two- and three-dimensional crystals have
applications in nanoelectronics. They can be used to mediate
the self-assembly of nanoscale components such as carbon
nanotubes10 and metallic nanoparticles,11 which may play the
role of electronic components. Also, such structures can be
designed to have cavities as large as several hundred nm3, which
can be used to trap macromolecules for structural character-
ization or as molecular sieves.12 DNA nanostructures designed
using these principles have also been used for targeted drug
delivery.13,14

DNA crystal structures are made by the self-assembly of
DNA building blocks, which are connected through sticky end
links. Sticky ends are unpaired bases at the end of a DNA
molecule that can associate with complementary bases from a
different molecule to provide a link between the two.15 For

example, the 3D DNA crystals synthesized by Zheng et al. are
made from identical triangular units. Each triangle is composed
from double-stranded DNA (dsDNA) helical domains on the
three sides and is connected to six other triangles using sticky
ends located at its corners.7 The three helical domains of a
triangle are inclined relative to the triangle plane, which results
in a three-dimensional structure with a rhombohedral unit cell.
Free energy calculations based on the nearest-neighbor

approximation have been used to design DNA self-assembled
structures. The free energy of a desired sequence is calculated
as the sum of the free energies for all its dinucleotides. The
dinucleotide parameters used in this method come from
melting curves of dsDNA molecules.16 However, it has been
shown that other factors, such as the presence of nicks, may
affect the stability of these structures.17 Furthermore, the
mechanics of dsDNA may also play a role. Kim et al. used
mechanics models to quantitatively predict the shape and
flexibility of DNA nanostructures.18

Previous studies employing established mechanics methods
to investigate biological systems have provided further insight
into these issues. Examples include the fracture mechanics-
based treatment of the strength of hydrogen-bonded
assemblies19,20 and β-helical protein structures,21 and studies
of DNA packaging using the theory of elasticity.22,23 Under-
standing the mechanics of nanoscale building blocks leads to
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improvements of the fidelity of DNA self-assembly models and
to design rules for these structures. The flexibility and curvature
of pristine dsDNA have been studied extensively both
experimentally and by simulations.24 The stability and rigidity
of the DNA double-crossovers has been studied using
molecular dynamics simulations.25,26 Further, Wheatley et al.
used the same method to study the dynamics of a DNA
Holliday junction.27 In addition to providing useful data for the
design of DNA nanostructures, these studies assist the
understanding of molecular mechanics of DNA in vivo. For
example, the dynamics of sticky ends and Holliday junctions is
relevant for the molecular mechanisms of homologous
recombination.
The deformation and the strength of sticky end links with

different numbers of basepairs and various sequences are
studied in this work using a full atomistic representation and by
performing molecular dynamics. Strands of dsDNA with a
sticky end link in the central section are subjected to stretch
along the axis of the molecule and the force−stretch curve is
recorded. Direct observations of the failure mechanism are
made. The results lead to a classification of the links as “weak”
and “strong,” with the strong links containing an unusually
stable complex. The effect of the number of basepairs in the
sticky end links is also investigated. The results provide
guidance for the design of self-assembled DNA structures.

■ MODEL AND SIMULATION METHOD
An all-atom representation employing the CHARMM27 force field is
used.28,29 The system is advanced in time using the highly scalable
NAMD molecular dynamics.30 B-form DNA structures are generated
using the 3D-DART server.31 The sticky end links are modeled by
creating nicks in opposite strands of the BDNA molecules. Then, the
structure is solvated using Visual Molecular Dynamics (VMD).32 The
TIP3P model is used for the water molecules.33 van der Waals
interactions are approximated using a 12 Å cutoff. The electrostatic
interactions are calculated with the same cutoff. The Ewald summation
rule is employed to approximate the long-range electrostatic
interactions.34

Structures with 10 and 20 basepairs are considered. The simulation
cell has dimensions 60 × 60 × 300 Å3, with the DNA molecule
oriented in the longer direction. Periodic boundary conditions are used
in all directions. The 20 basepairs molecule has total length of 6.9 nm
in the undeformed configuration. The maximum stretch applied is 2.9
nm/nm. This produces molecules up to 20 nm in length. Stretch is
calculated by dividing the current length of the molecule by its initial
length. Since the tested molecules are much shorter than the
persistence length of dsDNA, their contour length is the same as
the end-to-end length. In all cases there are at least 12 Å of water
separating the nucleic acid atoms and the box boundaries. The
equilibrium configuration of a periodic sticky end link with 10
basepairs is also simulated to test the model against structural
parameters obtained from X-ray crystallography. In this case a box of
height 36 Å is used and the molecule extends across the simulation
cell. To make this system periodic, each 3′ end is bonded to the
corresponding 5′ end on the other side of the box. In addition, angles
and dihedrals that cross the box boundaries in the third dimension are
defined.
The systems are charge neutralized by adding K+ atoms, and then

the concentration of KCl is increased to 0.1 M. A solvated DNA
molecule is shown in Figure 1. Taking into account water and ions, a
typical model contains approximately 100000 atoms.
Energy minimization is performed to eliminate the possible initial

excluded volume violations. In this process all DNA atoms are tied to
their initial positions using linear springs of constants 500 kcal/mol/
Å2. Time integration is performed in the NVT ensemble and the
system is gradually heated up 300 K. Meanwhile, the springs are
gradually made softer. This process takes approximately 250 ps. A 2 ns

long relaxation period is performed after this step. The equilibration
process carried out here is adapted from the method described by
Shields et al.35

The molecules are stretched in the NTP ensemble at 300 K and 1
bar after equilibration. The positions of the C5′ atoms at the two ends
of the molecule are controlled. One C5′ atom is held fixed, whereas
the other one is moved. Position constraints are imposed to these
atoms using linear springs of constants 100 kcal/mol/Å2. In each
loading step the moving atom is displaced by 1 Å and then the system
is relaxed for 100 ps. The deformation rate is small enough for the
water to be in thermodynamic equilibrium with the structure at all
times. The forces reported in this work are the averages of the forces in
the springs connected to the C5′ atoms performed over the last 20 ps
of each deformation step relaxation.

It takes about 10 ns to stretch a molecule up to dissociation using
this procedure. The computational effort required is on the order of
1000 processors and 10 h per 1 ns of physical time. Hence, the
simulations are quite demanding and performing many replicas of each
system is not feasible at this time. We have selected the configurations
of interest carefully and have performed replica runs only in few cases.

■ RESULTS
Tensile Loadings of a dsDNA and Model Validation.

To verify the current implementation, the stretch of a dsDNA
segment is performed and the results are compared with
literature data. This allows observing the failure mode
characteristic to this type of loading, which is then used as
reference when comparing with the behavior of sticky end links.
The model and its implementation are further validated by
comparison against experimentally determined structural
parameters of sticky ends.
To compare against existing simulations, the stretch of a 20-

basepair dsDNA molecule similar to that studied by Severin et

Figure 1. Simulation cell in the initial, undeformed state. The DNA
structure is surrounded by water molecules (red and white dots), with
a 0.1 M concentration of KCl (K+ and Cl− ions are shown as ochre and
cyan spheres, respectively).
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al.36 is considered. The base sequence is shown in Figure 2a.
This structure is equilibrated and loaded, as indicated in section

2. Loading is performed in a slightly different way compared to
the work by Severin et al.36 Specifically, in that work
displacements are applied in every time step, while here the
system is equilibrated for 100 ps after applying each 1 Å
incremental displacement.
The resulting force−stretch curve is shown in Figure 2b. A

gradual rise to maximum force is observed, followed by gradual
relaxation. The bases at the ends dissociate at a stretch of about
1.9. This is due to the stress concentration at the sites where
displacement is applied. Unpeeling from the ends was also
observed in optical tweezers experiments by using fluorescence
labeling.37 As the force reaches the peak, the dsDNA transforms
into a mix of ladder and zipper-like structures. Balaeff et al.
reported similar structures in studying the transition from B-
DNA to zip-DNA.38 Their simulations indicate that zip-DNA
has enhanced charge-transport properties compared to B-DNA.
After the peak force most of the bases unstack and rotate facing
away from the axis of the molecule. Then the two strands slide
relative to each other and the measured force decreases.
The force−stretch curves from our work and that of Severin

et al.36 overlap, which provides verification of the current
implementation. Unloading is more abrupt in the data from
Severin et al.36 This is due to the different loading scheme used.
In our simulations the structure is allowed to relax more in each
loading step, which leads to more gradual unloading.
A further test of the model and its implementation is

performed by comparing with the sticky end links structural
data obtained experimentally by Qiu et al.15 These structures
have a self-complementary sequence with 10 basepairs and two
nicks in the paired DNA strands. The two nicks are separated
along the axis of the molecule by two basepairs. The sequence
is shown in Figure 3a. The twist and rise per base step were
obtained by X-ray analysis and are reported by Qiu et al.15

Here, a periodic self-complementary molecule of the same
sequence is simulated. After 12 ns of relaxation, rise and twist
angles are measured for each dinucleotide step. The
dinucleotide steps are numbered as shown in Figure 3a.
These structural parameters fluctuate in the process of
relaxation. The values reported are calculated by averaging

over the final 2 ns of each equilibration step. The calculated
parameters are shown in Figure 3b,c along with the
experimental data from Qiu et al.15 As shown in Figure 3b,c,
the calculated twist and rise per dinucleotide step agree
reasonably well with the corresponding experimental values.
Also, the twist value follows the experimental trend.

Stretch of Sticky End Links. Sticky end links of different
lengths and base sequences are tested in tension. Figure 4
shows a list of all structures considered. The structure shown in
Figure 2a is taken as reference (number 2 in the list of Figure
4). This is a perfect dsDNA, with no nicks, and with an inverted
repeat sequence. Its force−stretch curve is shown in Figure 2b
and its failure modes are described in the previous section. All
other structures tested are derived from this configuration.
Structure 3 is identical to 2, except that it has a nick in one of
the strands. The nick separates the dsDNA into two 10-
basepair segments. Structure 4 is also identical to 2 and 3,
except that a two basepairs long sticky end link is defined in the
middle. The nicks in this structure are separated by two
basepairs. To clarify the nomenclature used below, this link is
considered to have a length of two.
A total of four structures with two-basepair links are

considered: two with the link having CG pairs (numbers 4
and 5), and two with the link having AT pairs (numbers 6 and
7). In each group the basepairs adjacent to the link are either
CG or AT. This allows for determining the role of the sequence
within the link region and the role of the sequence in the
immediate vicinity of the link. Structures 8 and 11 have links of
CG type, with AT pairs adjacent to them, but with different
numbers of bases in the link. Structure 8 has a four-basepair
link, whereas 11 has a six-basepair link. Therefore, by
comparing structures 5, 8, and 11, the effect of the link length

Figure 2. (a) Structure and (b) force against stretch curve for a 20-
basepair dsDNA subjected to uniaxial loading. Stretch is calculated by
dividing the current length by the initial length. The dashed red line
indicates results from the simulation of the same system by Severin et
al.36 The dsDNA molecule has a length of 6.9 nm in the undeformed
state.

Figure 3. Comparison of structural parameters of a sticky end link of
length 2 (open symbols) with experimental data from Qui et al.15

(filled symbols). (a) The sequence of the periodic sticky end link
considered. (b) Twist and (c) rise per step against dinucleotide
position. The horizontal axis in (b) and (c) represents the position
along the strand, as indicated in (a).
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on the strength is determined. Structures 9 and 10 have six-
basepair links of different sequences. Finally, stretch of a
pristine 10-basepair dsDNA is also simulated (number 1). Its
response is to be compared with that of the nicked molecule.
Note that the sequence of structure 1 is different from that
shown in Figure 3a. Structure 1 is selected based on the logic
discussed here, which unifies all configurations in Figure 4.
The mechanical behavior of these structures is characterized

by their force−stretch curves. The parameters considered
representative for the mechanical function performed by the
sticky end links in the DNA crystals are the maximum force
carried before failure, that is, the strength of the link and the
stretch corresponding to the maximum force. It turns out that
the structures in Figure 4 can be divided in two groups based
on their strength: weak and strong.
Dissociation of a weak sticky end-link is a stochastic process

that happens over a broad range of forces and an even broader
range of stretches. The external force fluctuates significantly
before dissociation, but reaches a larger value at the onset of
dissociation. Because of the small dissociation force, the two
segments connected by the link are not significantly deformed
or damaged after dissociation. The force−stretch curve and
snapshots of structure 4 (Figure 4) are shown in Figure 5a.
Distortion of the link begins with base dissociation at the
constrained ends. This isolated event is indicated by the arrow
in Figure 5b, which shows the variation of the number of
dissociated basepairs during deformation. The process is similar
to that observed when stretching the perfect dsDNA, structure
2. The presence of breaks in the backbone enables the structure
to rotate and to release the torsion induced by the stretch. The
two segments behave as separate double strands that rotate
independently during stretch. Finally, at the maximum stretch,
the remaining two basepairs holding the strands together
dissociate and the average force drops to zero. This is indicated
by the red circle in Figure 5b.

The strong links dissociate at higher forces and stretches than
the weak links. Figure 6 shows the force against stretch,
snapshots of the structure, and the number of dissociated bases
against stretch for one of the strong sticky end links, structure
8. The deformation of strong links also begins with base
dissociation at the constrained ends. This is marked by arrow 1
in Figure 6b. At later stages of deformation, the bases unstack
near the nicks and the structure splits into three domains
comprising two double stranded regions at the top and bottom
and a complex of six bases in the middle. This is marked by
arrow 2 in Figure 6b. The central region includes two basepairs
and one flanking base on each side. The flanking bases stabilize
the two central basepairs. The deformation continues as the
middle domain is holding the two parts together. In the final
stage of deformation the two basepairs in the middle region
dissociate and the link fails. This is marked by a red circle in
Figure 6. Due to the large forces applied, the two segments that
separate after link failure are highly distorted. This is marked by
the shaded region in Figure 6b. At this stage the structure is
distorted and exhibits ladder or zipper-like features that may
also include bubbles. These configurations are also observed
when stretching a pristine dsDNA.38,39

Structures 8 and 11 are examples of strong sticky ends.
These links generally dissociate at forces above 400 pN and
stretches larger than 2.0 nm/nm. Two replicas of the stretch of
structure 8, denoted as 8 and 8′, were run. They have similar
behavior.
It is useful to compare the force−stretch curves of the perfect

dsDNA, structure 2, with those corresponding to a weak and a
strong sticky end link, structures 4 and 8, respectively. These
curves are shown in Figure 7. The strong sticky end link

Figure 4. Sequences of the DNA structures considered in this study.
Thick vertical lines show the position of nicks in the DNA backbone.
Structures 1 and 2 are dsDNA molecules. Structure 3 has only one
nick. All other structures have two nicks.

Figure 5. (a) Snapshots and force and (b) number of dissociated
basepairs against stretch for a weak sticky end link (structure 4). The
red circle in panel (b) marks the onset of dissociation and the black
arrow marks unpeeling from a constrained end. The length of the
structure in the undeformed state is 6.9 nm.
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described in Figure 7 has two nicks separated by four basepairs.
The structure dissociates at the same stretch as the pristine
dsDNA but at a maximum force, which is about 1/3 of the
maximum force carried by the dsDNA. This decrease of the
structural stiffness in the presence of nicks is discussed in the
next section. Structure 4 has two GC base pairs in the sticky
end and GC flanking base pairs. This weak link, as well as all
studied weak links, does not exhibit the peak, which is
characteristic for the dsDNA and the strong links. The failure

process of weak links is more stochastic and strongly influenced
by thermal fluctuations.
Figure 8 shows the strength and critical stretch of all

structures in Figure 4. The cases labeled with a prime

correspond to replicas of the respective structures. The map
clearly shows the distinction between strong and weak links.
Tests 8, 8′, and 11 correspond to the strong links. These have
strengths between 300 and 700 pN and dissociate at stretches
larger than 2.0 nm/nm. They are comparable with a dsDNA
having only one nick, structure 3. The other structures are
weak, with maximum forces below 250 pN. These fail at
stretches smaller than those corresponding to the strong links.
It is useful to inquire what makes a strong link strong. To

answer this question one may follow the failure mechanism of a
strong link. As described above, a third domain is observed at
the onset of dissociation. This segment forms by unstacking of
bases close to the two nicks. In all strong links considered, the
domain includes two GC basepairs and one flanking guanine on
each side. This complex is shown in Figure 9. The planes of all
six bases are initially perpendicular to the loading direction and
remain perpendicular even at a stretch of 1.0 nm/nm. As
deformation progresses, they tend to align with the loading
direction. Figure 9d shows the configuration at dissociation
(indicated by the red circles in Figure 6). Throughout this
process, the two flanking bases stabilize the complex which
holds the two DNA segments together. A similar complex was
recently reported to enhance the mechanical stability of an
RNA kissing loop from the Moloney murine leukemia virus.40

■ DISCUSSION
The selection of structures considered in this work (Figure 4)
allows the evaluation of the effect of the sticky end length and
sequence on its strength. Let us consider first the effect of the
link length. To this end, one compares structures 5, 8, and 11,
which have the same type of bases in the link (GC throughout)
and same sequence outside the link, but different link lengths.
Specifically, 2, 4, and 6 GC basepairs are present in the links of
structures 5, 8, and 11, respectively. The strength increases with
increasing the link length (Figure 8).

Figure 6. (a) Force−stretch curve along with snapshots of the
structure at different stages of deformation and (b) number of
dissociated basepairs for a strong sticky end link, structure 8. In panel
(b) arrow 1 indicates unpeeling from a constrained end, arrow 2
indicates the separation of the structure into three helical domains, and
the red circle indicates the final step in which the basepairs in the
sticky end dissociate. The structure length in the undeformed state is
6.9 nm.

Figure 7. Direct comparisons of force−stretch curves for the pristine
dsDNA and weak and strong sticky end links, structures 2, 4, and 8,
respectively.

Figure 8. Strength vs stretch at maximum force for all structures listed
in Figure 4. The numbers next to the data points correspond to Figure
4. The structures marked with a prime are repeats of the respective
configuration. The sticky end links are classified as either weak or
strong. The length of all 20-basepair molecules in the underformed
configuration is 6.9 nm. The length of the 10-basepair dsDNA is taken
to be half this value.
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The results indicate that the base sequence plays an
important role in defining the strength of the links. The
sequence of bases inside the sticky end and the bases adjacent
to the link are important. To determine the effect of the
sequence within the link one compares structures 9, 10, and 11.
Their length is 6 and, except the neighboring basepairs, have
the same sequence outside the link. The sequence within the
link is different. The strength of structures 9 and 10 is similar,
both belonging to the weak class. Structure 11 belongs to the
strong category. This indicates that selecting the right sequence
leads to a significant increase of the strength. In particular, the
large strength is associated with the specific complex described
in Results.
Let us observe that for the sequence to matter and for the

stabilizing complex to form, the length of the link must be
larger than two basepairs. Structure 5, which has the same
sequence as 8 and 11, but a length of only two basepairs, is
weak, while 8 and 11 are strong. In fact, it appears that the
sequence is entirely inconsequential in the case of the two-
basepair links. All two-basepair links, structures 4−7, are weak.
It is interesting to observe the strong effect the presence of a

nick has on the strength of the structure. To this end let us
compare the strength of structures 2 and 3, which have the
same length and sequence, except that 3 has a nick in one of the
strands. The strength of 3 is about 1/3 the strength of 2. In fact,
the presence of a nick reduces the strength to the range of the
strong sticky end links. This happens because at late stages of
deformation the presence of nicks permits unstacking of bases
at the site of backbone breaks. This results in a weaker coupling
between stretch and twist that reduces the apparent stiffness of
the structure. Consequently, failure may initiate at the nick,
rather than at the strand ends as in the case of a dsDNA.
All simulations are performed with a KCl concentration of

0.1 M. This value is chosen to represent conditions
encountered during self-assembling of DNA crystal structures.
As well-known, ionic localization may occur in presence of
dsDNA, although no such effect is observed in the present
simulations. Also, binding of ions is not required for the
unusual stability observed in the strong sticky end links and for
the formation of the stabilizing complex. However, the

maximum force may change with the ionic concentration
since experiments indicate that the dsDNA persistence length
and stiffness vary when the ionic concentration changes.41

Similar correlations have been reported in the dynamics of viral
DNA ejection,42 as well as other polyelectrolytes.43,44

In addition, the deformation rate has a strong effect on the
mechanical behavior of most materials. The effect is usually
pronounced in molecular dynamics simulations, in which the
deformation rates are usually very large. In the present
simulations the effective imposed velocity of one end of the
molecule relative to the other is 1 nm/ns. To test the effect of
this parameter, additional simulations of the stretch of structure
2 have been performed with a velocity twice as large and at the
same temperature (300 K). The resulting force−stretch curve is
similar to that in Figure 2, but the maximum force is ∼60%
larger. Reducing the test temperature has a similar effect on the
force−stretch curve. When structure 2 is deformed at 1 nm/ns
and a temperature of 288 K, a curve of shape and maximum
force similar to that obtained at the higher rate results.
The forces observed in these simulations are expected to be

somewhat larger than the values measured in optical tweezers
experiments, primarily due to the lower deformation velocities
and longer molecules used in the experiments. To the best of
the authors’ knowledge, there have been no reports of
stretching DNA structures containing sticky end links. The
forces required to stretch pristine dsDNA using optical
tweezers45 are orders of magnitude smaller than those resulting
from simulations, for example, the response of the 20-basepair
dsDNA shown in Figure 2.
Fortunately, these limitations have a smaller bearing on the

simulation results reported here for the sticky end links. This is
due to the fact that failure in these structures is controlled by
processes taking place in the close vicinity of the links. Since the
central objective of this work is to determine the strength of the
links, the shape of the force−stretch curve is of smaller
importance and not capturing the entropic component of the
force corresponding to longer time scale conformational
changes is not critical. The central result of this work is the
ranking of the sticky end links in terms of their strength.
The results presented here can be used in the design of self-

assembled DNA structures. A model used for this purpose
should take into account the mechanics of dsDNA and single
stranded DNA, as well as that of Holliday junctions and of
other nanoscale features of the self-assembled structure. The
present results provide one of the missing data sets in such
models. A specific base sequence is introduced that may be
used to stabilize the sticky end links. The stabilization
mechanism has a strong mechanics component, and hence,
the respective base sequence cannot be predicted exclusively
using thermodynamic considerations.

■ CONCLUSIONS
An analysis of the strength and failure mechanisms of DNA
sticky end links is presented in this article. The effect of the
sticky end length and base sequence on the strength of the link
are studied. It is concluded that the links can be divided in two
classes having low and high strengths. The strength increases
with increasing the sticky end length, but the critical factor is
the sequence. Both the base sequence inside and immediately
adjacent to the sticky end link influences its strength. An
unusually stable cohesive complex is identified that provides
enhanced strength to the links. It includes two basepairs and
two flanking bases on each side. The structure and the

Figure 9. Base sequence and snapshots of the complex stabilizing the
strong sticky end links (from the deformation of structure 8). The
stretch, λ, corresponding to each snapshot is indicated. These stretch
values correspond to the entire 20-basepair structure as in Figures 5−7
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stabilizing mechanism for this complex are similar to a complex
identified to stabilize an RNA kissing loop from the Moloney
murine leukemia virus. These observations can be used in the
design of self-assembled DNA structures.
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